The bell gene of human spumaretrovirus (HSRV) codes for a 300-amino-acid nuclear protein, termed Bell, that can strongly activate transcription from the cognate long terminal repeat (LTR) by at least 200-fold. Bell can also activate human immunodeficiency virus type 1 (H1V-i) LTR expression. By using site-directed mutagenesis, we have identified distinct regions of Bell essential for HSRV LTR activation. The aminoterminal 55 residues, which comprise a highly acidic region followed by a short basic stretch, were dispensable for activation. The distribution of functionally defective mutants indicates that two distinct regions between residues 56 and 300 cooperate to confer full activator function. The larger, more amino-terminal region between residues 56 and 227 is sufficient to minimally activate the HSRV LTR. It contains a region between residues 88 and 110 that is strongly conserved between the simian and human spumavirus transactivators but otherwise lacks obvious homology to known transcriptional activators except for an Arg-rich nuclear localization sequence (NLS) between residues 211 and 225 that can be functionally substituted for by the NLS of the simian virus 40 large T antigen. The carboxy-terminal 73 residues contain two functionally redundant regions that can independently augment the activity of the more N-terminal minimal activator domain by 30-to 90-fold. Comparative analysis of the effect of Bell mutations on HSRV and HWV-i LTR expression revealed a similar requirement of Bell domains for activation of the two LTRs. Bell is phosphorylated in vivo, and a nuclear localization-defective mutant lacking residues 211 to 222 was severely defective for phosphorylation, whereas various deletion mutations in residues 228 to 300 resulted in a four-to eightfold reduction in phosphate incorporation. When functionally defective bell mutants were examined for a dominant-negative phenotype, only mutants lacking a proline-rich basic region between residues 194 and 200 or the NLS between residues 211 and 222 that were found to occupy predominantly nuclear and cytoplasmic locations, respectively, could suppress wild-type Bell function efficiently. In identifying two classes of dominant-negative mutants with distinct subcellular localization phenotypes, the mutational analysis of Bell has revealed a feature unusual for known transcriptional activators.
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Human spumaretrovirus (HSRV), or foamy virus, the first human retrovirus to be isolated, belongs to the spumavirus subfamily of retroviruses that, unlike the intensely scrutinized oncovirus and lentivirus members of the family, has not yet been well characterized in terms of gene regulatory mechanisms and pathogenic potential (reviewed in reference 31). Whereas human T-cell leukemia virus and human immunodeficiency virus (HIV) have been identified as the etiologic agents of specific human diseases, HSRV infection in humans has been tentatively associated with a variety of diseased states, although the exact relationship to a given disease remains ambiguous (15) . Recently, however, the demonstration that HSRV genome expression in transgenic mice can induce extensive neurological degeneration and myopathy has prompted a reevaluation of the pathogenic potential of this retrovirus (2) and focused attention on the analysis of gene regulatory mechanisms operational during viral replication.
Genome characterization of an infectious molecular clone of HSRV isolated from a nasopharyngeal carcinoma and subsequent analysis of RNA splicing patterns in HSRVinfected human cells has revealed that in addition to coding for the virion structural proteins Gag, Pol, and Env, HSRV, like other human retroviruses of the lentivirus and oncovirus subfamilies, contains coding capacity for several other genes that are located between the env gene and the 3' long terminal repeat (LTR) (6, 20) . These genes, collectively termed bel, by virtue of their genomic location and limited homology to certain regulatory genes of human lentiviruses, have been postulated to serve regulatory functions that govern viral replication (6, 14) .
It has been demonstrated that HSRV LTR-directed gene expression markedly increases in HSRV-infected cells, thereby suggesting that HSRV encodes a transcriptional activator (24, 26) . In confirmation of this prediction, several laboratories have recently shown that the transcriptional activator function of HSRV can be localized to the bell open reading frame (ORF), which codes for a 300-amino-acid nuclear protein, termed Bell, that can strongly activate transcription by interaction with specific sequences in the U3 region of the HSRV LTR (10, 12, 25, 30 bells is identical to bell in protein sequence but carries a C-T transition (introduced by oligonucleotide-directed mutagenesis) at HSRV nucleotide 9700 within codon 89 in the bell ORF. This effectively eliminates a major spliced mRNA species coding for a truncated version of the Bell-related cytoplasmic Bet gene product (20) produced by the bell expression vector by abolishing a splice donor GT consensus, thereby increasing Bell expression from full-length mRNA. This splice site defect was introduced into most of the above-described mutant bell plasmids to enhance Bellspecific protein expression.
Mutants bellsA194-225 and bellsA211-225 were constructed by cleaving bellsAl94-200 and bellsA211-222 plasmid DNAs with NheI and ClaI (see Fig. 1 (RIPA) and subjected to immunoprecipitation analysis as described previously (5), using a rabbit antipeptide serum directed against amino acid residues 1 through 20 of Bell.
For indirect immunofluorescence, transfected cells were fixed 60 h posttransfection with 3.5% paraformaldehyde at room temperature for 10 min, permeabilized with methanol at -20°C for 6 min, and then rehydrated with phosphatebuffered saline. Cells were then treated with a 1:500 dilution of Bell antiserum followed by a 1:100 dilution of fluoresceinconjugated goat anti-rabbit immunoglobulin (Cappel) .
RESULTS
Mutagenesis of the bell gene. The bell gene of HSRV codes for a nuclear transactivator protein containing 300 amino acids (Fig. 1) . In order to delineate the functional domains of Bell involved in transactivation and subcellular localization, a number of deletion and chain termination mutations were introduced into the bell ORF by oligonucleotide-directed mutagenesis. Targeted for mutagenesis were an amino-terminal region between residues 4 and 44 that was rich in glutamic acid residues, reminiscent of "acid blob" domains of a number of eukaryotic transcription factors (23) Bracketed residues indicate amino acids deleted by oligonucleotidedirected mutagenesis. Each mutation introduced an NheI site into the bell sequence, resulting in the substitution of the missense sequence Ala-Ser for the deleted residues; these NheI sites facilitated subsequent construction of the larger deletion and truncation mutants described in Fig. 2 . Structural features of Bell, including a highly acidic stretch between residues 4 and 44 (solid line), basic stretches between residues 47 and 55 and residues 211 and 222 (broken lines), regions of strong homology between residues 88 and 110 and residues 274 and 287 with the simian foamy virus transactivator taf (boxed with broken lines), and a proline-rich basic motif comprising residues 194 to 202 that resembles a similar motif in the HIV-1 tat activator region between residues 10 and 18 (boxed with solid lines), are indicated. A T-+C transition introduced at the terminal nucleotide of codon 89 (serine) in the bell ORF that resulted in the phenotypically wt bells background is shown. A ClaI site utilized in the construction of the deletion and substitution mutants described in the legend to Fig. 7 is also indicated.
110 in a region highly conserved between Bell and simian foamy virus Taf (18) . Otherwise, mutations were evenly spaced throughout the bell ORF. Except for the truncation mutations, each Bell mutant contained a substitution (equivalent to an NheI site) of a missense Ala-Ser sequence at the site of deletion; the NheI site facilitated construction of the larger deletion and truncation mutants analyzed in Fig. 2 . Both wt and mutant bell genes were reconstructed into the phenotypically wt bells background that contains a T-C transition at codon 89 of Bell (see Materials and Methods); this greatly enhanced the expression of Bell, since the expression of a truncated Bet product coded by a spliced mRNA from the bell transcription unit is abolished. Transactivation of HSRV LTR by Bell mutants. We have described a sensitive assay for Bell activator function that is based on transfection into COS-7 cells of a reporter plasmid, -710/+4 HSRV LTR CAT (that lacks the R-U5 region of the LTR), and a cytomegalovirus immediate-early promoterbased Bell expression vector that is replication competent in COS cells (30) .
All Bell mutants were assayed for activator function on the basis of measurements of CAT activity directed by the reporter in transfected COS cells, and the results are summarized in Table 1 . As shown previously, expression of wt bell activates the -710/+4 HSRV LTR very efficiently, i.e., at least 200-fold above background levels induced in the presence of the parental expression vector, pCMV. Mutations in acidic residues (A7-8, A18-19, A25-26, and A35-36) or in the cluster of basic residues that follows the acidic stretch (A47-48, A50-51, and A54-55) resulted in transactivation phenotypes that were similar to that of wt. However, mutations in the unique region of bell (that is not present in other Bell-related proteins such as Bet) between residues 88 and 300 yielded proteins with variant phenotypes. Several mutants (A94-98, A135-136, and A194-200) were totally defective, while A92-93 exhibited a low level, about three-to fourfold above basal level, of activity. Mutations in the basic region between residues 211 and 222 yielded bell proteins that were moderately defective (20 to 50% of wt activity) except for A218-219, which exhibited only eightfold activation. Deletion mutations in the carboxy-terminal 73 residues (A228-235, A255-259, and A267-271) exhibited between 50 and 100% of wt activity.
The information gleaned from the functional analysis of the above-described mutants was utilized to generate and assess the effects of larger deletion and carboxy-terminal truncation mutants in the bell ORF (Fig. 2) . As expected, removal of residues 7 through 55, which contain the highly acidic and short basic stretches, had a negligible effect on bell-mediated transactivation. While the deletion of the VOL. 67, 1993 164 VENKATESH ET AL. entire basic stretch between residues 211 and 222 abolished activation, the deletion of residues 228 through 271 at the carboxy terminus either by itself (A228-271) or in conjunction with the deletion of amino acids 7 through 55 (A7-55/ 228-271) had minimal effects on the activation potential of bell. bell-227 and bell-254, which code for the aminoterminal 227 and 254 residues, respectively, exhibited only fivefold activation above background; however, the expression of the amino-terminal 266 residues (bell-266) was sufficient to induce efficient activation of the HSRV LTR, albeit at one-fourth the wt-induced level.
These results indicate that the Bell region between 56 and 227 is sufficient for minimal activation of the HSRV LTR.
Two distinct regions in the carboxy terminus between residues 254 and 266 and between 271 and 300 can independently augment the activity of the more amino-terminal minimal activator domain.
Transactivation of HIV-1 LTR by bell mutants. We also assayed the effects of various bell mutants on transactivation of an HIV-1 LTR CAT construct that lacks NF-KB motifs (21) . This construct is transactivated more efficiently (about 60-fold) by Bell than is the wt HIV-1 LTR (29a). As summarized in Table 1 , most Bell mutants in the minimal activator region between residues 56 and 227 induced levels of CAT expression relative to the wt-induced level that were comparable to that observed with the HSRV LTR. However, the carboxy-terminal mutant bell-254 was totally defective, whereas bell-266 and bellA228-271 were severely defective, inducing CAT expression at only 1/30 and 1/15 the wt Bell-induced level, respectively. Thus, the domain requirements for activation of the HIV-1 LTR were found to be similar to those required for activation of the HSRV LTR; however, bell mutants lacking the carboxy-terminal augmenting domains exhibited more severely defective activation phenotypes on the HIV-1 LTR than on the HSRV LTR.
In addition to the Bell protein of -36 kDa from full-length mRNA, the bell expression vector described above produces a major truncated Bet product of about 29 kDa from a spliced mRNA species (29c). Therefore, both wt and mutant bell proteins were also examined for transactivation in the bells background ( Fig. 1; also Fig. 3 , even at the highest concentration of competitor plasmid used in the assay, mutants bellA92-93, bellA94-98, bellAl35-136, and bell-254 were unable to suppress wt Bell-mediated transactivation. bellAl94-200 and bellA211-222, on the other hand, exhibited efficient dominant-negative phenotypes. bellAl94-200 and bellA211-222 inhibited wt Bell function by about 2-and 8-to 10-fold, respectively, when an equimolar or fourfold excess concentration of competitor plasmid was used (Fig. 3B) . At the highest concentration of competitor used, however, bellAl94-200 was the more effective of the two inhibitors.
The competition inhibition data suggest that dominantnegative mutants of Bell tend to cluster in a region toward the carboxy-terminal region of the minimal activator domain inclusive of residues 194 through 222.
Expression of Bell mutant proteins in transfected cells. The level of expression of the various mutant proteins relative to wt Bell, particularly those partially or severely defective for the activation function, was examined (in the bells background) in transfected cells labeled with [35S]cysteine and [35S]methionine by immunoprecipitation with a rabbit antiserum directed against Bell amino acids 1 through 20. The antiserum is also capable of recognizing a truncated version of the related cytoplasmic bet gene product (Bet, which has 88 amino acids in common with Bell at the amino terminus), which is expressed in cells transfected with the Bell expression vectors that lack the Bet mRNA 5' splice site mutation that is present in the phenotypically wt bells background (see Materials and Methods). The Bell antiserum specifically precipitated a protein with a relative molecular mass of 36 kDa from bells-transfected cells that was not observed in a transfection of the parental expression vector pCMV. The majority of mutants examined for expression yielded Bellspecific bands of comparable intensity, and their mobilities were consistent with the extent of the deletion contained (Fig. 4) . Two notable exceptions were the A92-93 and A94-98 constructs, which, in addition to yielding a -36 kDa bell- Fig. 4 were labeled with 500 ,Ci of 32Pi and then subjected to immunoprecipitation analysis as described in the legend to Fig. 4 . The phosphorylation phenotypes of wt and a subset of mutants examined for labeled culture which was, however, not present in 32P-labeled pCMV-transfected cells. All mutations in the minimal activator domain were found to be phosphorylated (including bellA92-93 and bellA94-98, for which the state of phosphorylation of the Bell-specific band was found to reflect steady-state abundance; data not shown) at levels comparable to that of wt Bell with the exception of the bellA211-222, mutant which was found to be severely defective for the incorporation of 32Pi. Mutations in the carboxyterminal augmenting domain had moderate effects on phosphate incorporation with mutants bells-227 (not shown), bells-254, bells-266, and bellsA228-271 exhibiting about a four-to eightfold reduction in the level of phosphorylation compared with that of wt Bell.
These results indicate that the serine-rich carboxy-terminal 73-amino-acid region of Bell may serve as a potential site for phosphorylation. The significance of this posttranslational modification to the biological activity of Bell observed in vivo remains unclear from the present analysis of Bell mutants. Further mutagenesis is required to precisely define the role of Bell phosphorylation.
Subcellular localization of Bell mutants. It has been previously reported that the wt Bell protein is predominantly localized in the nuclei of Bell-expressing cells and is excluded from nucleoli (10) . This subcellular localization phenotype was confirmed in our analysis (Fig. 6a ). All Bell mutants described in this study were further analyzed for subcellular distribution (in the bells background), and the representative phenotypes obtained are illustrated in Fig. 6b through f. As expected, both A92-93 (Fig. 6b) and A94-98 (not shown) showed similar subcellullir distribution; in addition to the strong Bell-specific nuclear staining, some degree of cytoplasmic staining could also be discerned, probably reflecting the cytoplasmic Bet-related proteins encoded additionally by these constructs. All other mutants in the minimal activator and augmenting domains were found to localize efficiently to the nucleus (for example, bellsAl94-200 and bells-227 [ Fig. 6c and f, respectively] ) with the exception of mutants in the basic domain (residues 211 to 222), which exhibited various degrees of nucleocytoplasmic distribution. In particular, A211-222 exhibited predominantly cytoplasmic staining (Fig. 6e) , whereas smaller deletions in the basic domain (as exemplified by bellsA218-219 [ Fig. 6d] ) resulted in proteins that displayed various degrees of nuclear as well as cytoplasmic distribution.
These results suggest that the basic domain of Bell between residues 211 and 222 is required for efficient nuclear localization and that the reduced biological activities of mutants in this domain reflect their inabilities to localize efficiently in the nucleus.
Identification of the Bell NLS. In order to determine whether residues 211 to 222 of bell functioned solely as a nuclear transport signal and to definitively rule out a similar role for the proline-rich basic region between residues 194 and 200, we fused a synthetic double-stranded oligonucleotide specifying the SV40 large-T-antigen NLS in frame into bells either between residues 194 and 225 or between 211 and 225 (Fig. 1) . bells constructs lacking these sequences were also used to assess the effect of the deletions on nuclear localization. Indirect immunofluorescence analysis of the subcellular localization of the proteins encoded by these bell constructs in transfected COS cells indicated that both bellsAl94-225 and bellsA211-225 were predominantly localized in the cytoplasm (Fig. 7A, panels a and b) ; some degree of nuclear fluorescence could be discerned, but this was not appreciably above the background levels of nuclear staining observed with the Bell antiserum in nontransfected cells. On the other hand, both bellsAl94-225sv and bellsA211-225sv, which contain a substitution of the SV40 T antigen NLS, encoded proteins that were predominantly localized in the nucleus (Fig. 7A, panels c and d) .
The effect of the above-described mutations on bellmediated transactivation of the HSRV LTR was examined. transactivation (Fig. 7B) . Deleted residues 211 through 225 but not 194 through 225 could be substituted for by the SV40 large-T-antigen NLS, with restoration of full transactivator function.
These results indicate that the basic domain between residues 211 and 222 functions primarily in nuclear localization, whereas the proline-rich basic region located between amino acids 194 and 200 is critical to transactivation.
DISCUSSION
Since comparative analysis of Bell action on cognate and heterologous LTRs is likely to facilitate elucidation of the molecular mechanism of transactivation, we have performed extensive mutagenesis of the bell ORF with a view to identifying distinct domains that may cooperate to confer full activator function on the HSRV and HIV-1 LTRs. Bellmediated activation of the HIV-1 LTR may be of physiological significance, because a number of heterologous agents have been implicated as cofactors in the induction of HIV-1-mediated disease (3) .
Our experiments have demonstrated the existence of distinct regions in Bell that are essential for its biological activity in vivo ( Fig. 1 and 8 ) whose functions are modulated by the subcellular localization and, possibly, the state of phosphorylation of the protein. The amino-terminal region, which contains a cluster of glutamic acid residues (amino acids 4 through 44) reminiscent of the acidic-blob class of activators (23) and a basic stretch between residues 47 and 55 characteristic of the nuclear localization and promotertargeting determinants of many activators (19) (4) . Accordingly, Rev mutants localized predominantly in the cytoplasm were found to be severely defective for phosphorylation (13) .
Within the carboxy-terminal 73 residues, two distinct regions between amino acids 254 and 266 and amino acids 271 and 300 that lack any obvious sequence homology were found to augment the activity of the minimal activator domain by 30-and 
